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Background and purpose: A GTV boost is suggested to result in higher complete response rates in rectal cancer patients, which is attractive for organ preservation. Fiducials may offer GTV position verification on (CB)CT, if the fiducial-GTV spatial relationship can be accurately defined on MRI. The study aim was to evaluate the MRI visibility of fiducials inserted in the rectum. Materials and methods: We tested four fiducial types (two Visicoil types, Cook and Gold Anchor), inserted in five patients each. Four observers identified fiducial locations on two MRI exams per patient in two scenarios: without (scenario A) and with (scenario B) (CB)CT available. A fiducial was defined to be consistently identified if 3 out of 4 observers labeled that fiducial at the same position on MRI. Fiducial visibility was scored on an axial and sagittal T2-TSE sequence and a T1 3D GRE sequence. Results: Fiducial identification was poor in scenario A for all fiducial types. The Visicoil 0.75 and Gold Anchor were the most consistently identified fiducials in scenario B with 7 out of 9 and 8 out of 11 consistently identified fiducials in the first MRI exam and 2 out of 7 and 5 out of 10 in the second MRI exam, respectively. The consistently identified Visicoil 0.75 and Gold Anchor fiducials were best visible on the T1 3D GRE sequence. Conclusion: The Visicoil 0.75 and Gold Anchor fiducials were the most visible fiducials on MRI as they were most consistently identified. The use of a registered (CB)CT and a T1 3D GRE MRI sequence is recommended. Neoadjuvant radiotherapy plays an important role in the treatment of patients with rectal cancer since it reduces the rate of local recurrence [1] [2] [3] [4] . After standard neoadjuvant chemoradiation, pathological complete response is observed in approximately 15-25% of patients [5, 6] . In selected centers with a watch and wait approach, clinical complete response is observed in up to 50% of patients, probably due to better patient selection [7, 8] . Dose response analyses suggest that higher tumor doses result in higher complete response rates in rectal cancer patients, which is attractive in the light of increased interest for organ preservation [6, [9] [10] [11] .
Tumor dose can be increased by applying a boost with external beam radiotherapy (EBRT), high-dose rate endorectal brachytherapy (HDREBT) or contact therapy. Current clinical practice for position verification is megavolt imaging or cone beam computed tomography (CBCT) during EBRT and a radiograph or CT during HDREBT [12] [13] [14] [15] . However, these imaging modalities suffer from limited soft tissue contrast which makes position verification of the gross tumor volume (GTV) difficult [16, 17] . For HDREBT position verification, endoluminal clips have been used to indicate the proximal and distal borders of the tumor [18] . However, these clips create large artifacts on magnetic resonance imaging (MRI), which makes it impossible to determine the spatial relationship with the GTV accurately using MRI [19] . With the introduction of MR-guided radiotherapy systems, position verification of the GTV could be performed online with the superior soft-tissue contrast of MRI [20] . However, as MR-guided linear accelerators and in room MRI-HDR suites are not widely available, MRI compatible gold fiducials in combination with (CB)CT may offer an alternative for position verification of the GTV. The use of fiducials has been described for other tumor locations such as pancreas, and prostate and has been proven useful for position verification of the target volume during EBRT [21] [22] [23] .
To determine the location of the GTV accurately on (CB)CT, the spatial relationship between the GTV and the fiducials should be determined on MRI and therefore the fiducials have to be visible on MRI. Several studies report good MRI visibility of fiducials in phantoms or other organs [24] [25] [26] . However, the presence of air and feces in the rectum may hamper fiducial visibility. Excellent fiducial visibility in the rectum has been reported on CT, but no analysis of MRI visibility has been performed to date [27, 28] . The aim of this study was to evaluate the MRI visibility of different fiducials inserted in the tumor or mesorectum.
Materials and methods

Patient selection
Between July 2015 and September 2016, we included 20 patients at the Netherlands Cancer Institute (NKI) and at the Leiden University Medical Center (LUMC) with proven rectal adenocarcinoma who were scheduled for short-course radiotherapy (SC-RT; 5 Â 5 Gy) or long course chemoradiotherapy (LC-CRT; 25 Â 2 Gy combined with capecitabine 825 mg/m 2 twice daily) followed by a total mesorectal excision. Eleven patients received SC-RT and nine patients LC-CRT. Exclusion criteria were contraindication for fiducial insertion (coagulopathy or anticoagulants that cannot be stopped), prior pelvic irradiation, pelvic surgery or hip replacement surgery, pregnancy, world health organization performance status 3-4 and a contraindication for MRI. This study was registered at the Dutch Trial Registry (REMARK study, registration no. NTR4606) [29] .
Fiducials
We tested four types of fiducials, inserted in five patients each (Visicoil 0. The Gold Anchor fiducial was also straight but could be folded when inserted, depending on the insertion technique. We have inserted the Gold Anchor fiducial in a folded configuration as it improves MRI visibility [24] .
Four experienced gastroenterologists (two in each center) inserted 64 fiducials in 20 patients in the tumor or mesorectum at least one day before the start of radiotherapy by sigmoidoscopy or endoscopic ultrasonography. The target lesion was visualized and the absence of intervening vascular structures was verified before inserting each fiducial. In the first 10 patients, we aimed to insert three fiducials in the tumor tissue. Due to limited fiducial retention in these patients, in the last 10 patients we aimed to insert at least two fiducials in the mesorectal fat (one proximal and one distal of the tumor) and one in the center of the tumor.
Imaging
We acquired a planning CT scan before the start of radiotherapy on a Siemens Sensation Open (slice thickness 3.0-5.0 mm, pixel spacing 0.98-1.27 mm Â 0.98-1.27 mm, 120 kVp, tube current 74-307 mA (automatic exposure control), exposure time 1100 ms, convolution kernel B40s) or a Philips Brilliance Big Bore (slice thickness 3.0 mm, pixel spacing 0.98-1.14 mm Â 0.98-1.14 mm, 120 kVp, tube current 271 mA, exposure time 923 ms, convolution kernel B (Philips)). To evaluate reproducibility of fiducial visibility on MRI, we performed a pre-treatment MRI exam before the start of radiotherapy (from now on called first MRI) and a second MRI exam after completion of a week of radiotherapy (from now on called second MRI). MRI exams were performed in supine position on a standard MR table. Due to logistical reasons, for one patient a second MRI was not performed. MRI exams were performed on a Philips Achieva 1.5T, Philips Achieva 3T, Philips Achieva dStream 3T or a Philips Ingenia 3T. Two MRI exams were performed on the 1.5T MRI scanner, all other MRI exams were performed on 3T MRI scanners. We selected three MRI sequences for the fiducial visibility scoring, including a transverse 2D T2 turbo spin echo sequence (tT2-TSE), a sagittal 2D T2-TSE sequence (sT2-TSE) and a T1 3D gradient echo sequence (T1 3D GRE). The T1 3D GRE sequence was acquired with fat suppression in 16/20 scans in the first MRI and 14/19 scans in the second MRI. Scan parameters for the different MRI sequences are reported in Table I in the Supplementary Materials.
During the first week of radiotherapy, we acquired daily preand post-irradiation CBCT scans (reconstructed slice thickness 1.0 mm, pixel spacing 1.0 mm Â 1.0 mm, 120 kVp, tube current 32 mA, exposure time 40 ms). Before the planning CT and each radiotherapy fraction, patients were asked to void their bladder and subsequently drink 300 cc of water to reproduce bladder filling.
As all fiducials were well visible on (CB)CT, we registered and subsequently resampled a (CB)CT scan to the T1 3D GRE sequence of each MRI exam with a rigid registration with a mutual information metric using Elastix [30] . The registration was assessed by a single observer (RE) by checking the alignment of the bony anatomy. We used the (CB)CT scan that was acquired closest to the acquisition date of the MRI exam. The T1 3D GRE sequence was chosen for the registration as it had the highest resolution. As all MRI sequences were acquired within the same MRI exam without table movement between sequences, no registration was performed between the sequences.
Images were visualized with an in-house developed user interface, created in MeVisLab 2.7.1 (MeVis Medical Solutions AG, Fraunhofer MEVIS, Bremen, Germany). The user interface automatically determines a window/level setting depending on the image set that is shown. The automatically determined window was defined as the difference between the minimum and maximum image pixel value and the level was defined as the mean of the minimum and maximum image pixel value. All observers were therefore presented with images with initially the same window/ level settings when performing the fiducial visibility scoring. In addition, observers were able to manually change the window/ level settings.
Fiducial visibility scoring
Fiducial visibility was scored by two radiologists with expertise in rectal imaging (EP and DL), a radiation-oncologist (BT) and a resident radiation-oncologist (ER). Observers were blinded for fiducial type and each other's results.
Fiducial visibility was scored according to two scenarios. In scenario A, only the MRI images and clinical information (endoscopic findings and number and location of inserted fiducials) were available to the observers. In scenario B, the MRI images, clinical information as well as the rigidly registered CB(CT) scan were at the observer's disposal. For the first MRI, visibility scoring according to scenarios A and B was subsequently performed within one scoring session; for the second MRI, only scenario B was performed.
For each scenario, the observers first scored the fiducials on the first MRI for each patient and at a later stage on the second MRI for each patient. For both MRI exams the observers analyzed patients in random patient order. The observers rated the fiducial visibility on each available MRI sequence (not visible, poor/average or good/excellent) and rated how confident they were that the identified fiducial position really represented a fiducial and not for example an air artifact (not very confident, moderately confident, or very confident). Observers were then instructed to identify and label fiducial positions on the MRI sequence on which they could identify the fiducial location most accurately. Identified fiducial positions were saved in world coordinates.
We used the (CB)CT as a reference to determine the number of fiducials present in a patient at the time of the MRI exam. In combination with the soft tissue information from the MRI scan, we determined whether the fiducial was inserted in the tumor or the mesorectum. (CB)CT was not used as a reference to determine the position of the fiducials on MRI because of the limited soft tissue contrast which made deformable registration with MRI not feasible. Instead, the standard of reference for fiducial location on MRI was defined as the consistent identification of a fiducial on the same position on MRI by at least three out of four observers. This was determined by calculating the distances between the identifications of all observers using the world coordinates of the identifications. Identification pairs with a distance of less than 5 mm between observers were subsequently analyzed visually to check whether the same artifact was labeled.
Statistical analysis
We used SPSS Statistics 23 (IBM Corp. Released 2015. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp.) for statistical analysis. The Wilcoxon signed rank test was used to test for differences in visibility rating between MRI sequences. All tests were two-sided and the significance threshold was set at 0.05.
Results
A total of 64 fiducials was inserted in 20 patients. A planning CT with fiducials was available in 10/20 patients. In the other 10 patients, fiducials were inserted after the planning CT. Median time between fiducial insertion and the first MRI exam was 3 days (range 0-11 days), between any MRI exam and the corresponding reference scan 0 days (range 0-5 days) and between the first and second MRI exam 7 days (range [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . At the time of the first MRI, 39 fiducials were still in situ in the tumor or mesorectum, based on evaluation on (CB)CT. At the time of the second MRI, 35 fiducials were still in situ. The remaining 29 fiducials were either lost between insertion and the first MRI (n = 18), lost between the two MRI exams (n = 4), inadvertently inserted in the prostate (n = 5), or simultaneously ejected during insertion and therefore so close together that they were analyzed as one fiducial (n = 2). For the nine patients that received LC-CRT, the CBCT scans that were acquired after the first week of radiotherapy showed that no further fiducials were lost during the course of treatment. Nine fiducials were inserted in the mesorectum (one Visicoil 0.5, two Visicoil 0.75, three Cook and three Gold Anchor fiducials) and thirty fiducials were inserted in the tumor (eight Visicoil 0.5, seven Visicoil 0.75, six COOKs and nine Gold Anchors). In five out of nine mesorectum fiducials in four patients a T1 3D GRE sequence was performed with fat suppression and therefore these fiducials were excluded from further analyses (one Visicoil 0.5, three COOKs and one Gold Anchor). None of these fiducials were consistently identified. An overview of patient characteristics, type of reference scan and number of fiducials on reference scan is provided for each patient in Table 1 . All registrations of (CB)CT scans to corresponding MRI exams were assessed by a single observer (RE) and considered to be sufficiently aligned for the purpose of this study: giving an approximate location of the fiducial on MRI. Table 2 shows an overview of the consistent and inconsistent fiducial identifications with corresponding confidence levels. In scenario A of the first MRI, 2/9 Visicoil 0.75, 1/6 Cook and 5/11 Gold Anchor fiducials were consistently identified with an average distance between identifications of 1.8 mm (range 0.0-3.8 mm). Of those, two Visicoil 0.75, one Cook and four Gold Anchor fiducials were subsequently also consistently identified in scenario B. In scenario B of the first MRI, a total of 17 fiducials were consistently identified with an average distance between identifications of 2.0 mm (range 0.0-5.1 mm). Because of the low number of consistently identified fiducials in scenario A compared to scenario B, scenario A was not performed for the second MRI. For the second MRI, nine fiducials were consistently identified with an average distance between identifications of 0.9 mm (range 0.0-1.9 mm). In scenario B, the Visicoil 0.75 and the Gold Anchor fiducials were the most consistently identified fiducial types with 7/9 fiducials in 4 patients and 8/11 fiducials in 5 patients in the first MRI and 2/7 fiducials in 2 patients and 5/10 fiducials in 4 patients in the second MRI, respectively. Examples of fiducials on (CB)CT and corresponding MRI sequences are shown in Fig. 1 . The fiducials shown in Fig. 1 were consistently identified. Table 3 shows the difference between observers for the Visicoil 0.75 and Gold Anchor fiducial identifications. Observer 4 had a substantially lower number of consistently identified fiducials and labeled more fiducials on MRI than the number of fiducials present on the reference scan. For observer 3 and 4 in the second MRI of the Visicoil 0.75, one confidence level was missing.
The visibility rating for the consistently identified Visicoil 0.75 and Gold Anchor fiducials per MRI sequence for both MRI exams is shown in Table 4 . For the Visicoil 0.75, in the first MRI the tT2-TSE scored better visibility compared to the sT2-TSE sequence (p = 0.03). The T1 3D GRE sequence scored better visibility compared to the tT2-TSE (p = 0.03) and the sT2-TSE (p = 0.01). In the second MRI, T1 3D GRE scored better visibility compared to the sT2-TSE (p = 0.04). For the Gold Anchor, in the first MRI the T1 3D GRE scored better visibility compared to the sT2-TSE (p = 0.02). No other statistically significant differences were observed. In addition, Table 4 shows on which MRI sequence the fiducial positions were labeled, which is the sequence on which the fiducial could most accurately be identified according to the observers. For both the Visicoil 0.75 and the Gold Anchor fiducials, the T1 3D GRE sequence was chosen most often in both MRI exams.
Discussion
The aim of this study was to evaluate the MRI visibility of different fiducials inserted in the tumor or mesorectum. The results show that there are substantial differences in the number of consistently identified fiducials between fiducial types. For both the Visicoil 0.5 and the COOK fiducials, only one fiducial was consistently identified in both MRI exams (Table 2 ). These fiducial types were the smallest included in this study, which may explain the poor MRI visibility. This result confirms that of a study by Chan et al. who described the visibility of different types of fiducials in a phantom on CBCT, CT, megavolt imaging and MRI [26] . The authors concluded that fiducials with a diameter of 0.5 mm are poorly visible on MRI, even in a phantom. The Visicoil 0.75 has a larger diameter compared to the Visicoil 0.5 and the Cook fiducial, which may explain the better performance of this fiducial. The performance of the Gold Anchor fiducial is in line with a study by Gurney-Champion et al., who evaluated and characterized the visibility of different fiducials in a phantom on CT and MRI and included an in-vivo analysis of four patients in whom fiducials were inserted in the pancreas [24] . The authors recommend a Gold Anchor fiducial in a folded configuration when MRI visibility is desired.
The fiducial insertion strategy was changed during the study because insertion of fiducials in the tumor resulted in a low fiducial retention rate. Since only nine out of 39 fiducials were inserted in the mesorectum and five of those were scanned with fat suppression on the T1 3D GRE sequence, no firm conclusions can be drawn on the difference in fiducial detection between fiducials in the tumor and the mesorectum.
Eight out of eleven Gold Anchor fiducials were consistently identified in the first MRI, while only five out of ten Gold Anchors fiducials were consistently identified in the second MRI (Table 2) . One identified Gold Anchor fiducial was lost in between the MRI exams, as evaluated on CBCT. For the two Gold Anchor fiducials in two patients that were no longer identified in the second MRI, the first and the second MRI were compared. Air or feces deformed the rectum which made correlation with the CBCT scan difficult. In addition, the artifacts caused by air further hampered fiducial detection. For the Visicoil 0.75, only two out of seven fiducials were consistently identified in the second MRI, compared to seven out of nine in the first MRI. Two consistently identified fiducials were lost in between the MRI exams. The remaining three fiducials were no longer consistently identified in the second MRI as they were identified by only two out of four observers.
Even with the two best visible fiducials in this study, it can be argued whether the obtained performance justifies the use of fiducials in the rectum in clinical practice. For instance, reproducibility of the observer identifications between the MRI exams was limited, as shown by the lower number of consistently identified fiducials in the second MRI for Visicoil 0.75 and Gold Anchor. In addition, M = male, F = female, Tx = treatment schedule, SC-RT = short course radiotherapy, LC-CRT = long course chemoradiotherapy. * The number of fiducials on the reference scan excludes fiducials that were inadvertently inserted in the prostate and fiducials in the mesorectum in which the T1 3D GRE was performed with fat suppression. inconsistencies between observers were observed, especially for the Visicoil 0.75 (Table 3 ). This suggests that it is worthwhile to have at least two observers to identify the fiducial positions on MRI. Furthermore, more fiducials may be inserted to increase the chance that sufficient fiducials will be identified for position verification (e.g. two or three). The anatomical 2D T2-TSE sequences scored lower visibility with the Visicoil 0.75 fiducials compared to the Gold Anchor fiducials. This may be explained by the smaller size of the Visicoil 0.75 fiducials, which results in smaller signal voids on MRI. The signal voids may have been too small on the T2-TSE sequences. It is therefore not sufficient to use these MRI sequences alone to identify fiducial positions on MRI. The T1 3D GRE sequence scored higher fiducial visibility for both MRI exams for the Visicoil 0.75 and the first MRI exam for the Gold Anchor and was most often chosen to label the fiducial position on in all cases (Table 4) . It is therefore recommended to include a T1 3D GRE sequence.
The T1 3D GRE sequence was a single-echo sequence acquired with a TE of about 2 ms. Two studies that evaluated fiducial visibility in the prostate reported promising results on the use of a multi-echo gradient echo sequence [25, 31] . The multi-echo gradient echo sequence results in multiple image sets with increasing TE which results in increased signal void size. It could be worthwhile to include this sequence in future studies, possibly enhancing fiducial identification. Moningi et al. evaluated the role of fiducials in patients receiving neo-adjuvant endorectal brachytherapy in 11 rectal cancer patients [28] . The visibility of two types of fiducials was evaluated on CT by a radiologist, in which a subjective scoring system similar to this study was used. The radiologist scored all fiducials as clearly visible. The authors mention that both types of fiducials created a void on MRI that could assist with treatment planning, but no similar visibility analysis was performed to support this statement.
This study focused on gold fiducials, while other types of fiducials might be of interest. Liquid markers such as a hydrogel marker were not included because of poor stability, most likely because of absorption in the tissue [32] . Recent studies report on a liquid marker that forms a semisolid gel after injection [33, 34] . Rydhog et al. reports on 15 lung cancer patients in whom markers were injected in the lymph nodes or the tumor. The authors found that the markers were well visible on CT and CBCT and stable in size and position throughout the treatment [33] . Schneider et al. evaluated gold fiducials and the liquid marker in a gel phantom that mimics the relaxation properties of pancreatic tissue. The authors show that the liquid markers cause signal voids on MRI due to the absence of water protons, equally affecting all MRI sequences [34] . This is contrary to gold fiducials, which also cause signal voids due to their effect on T2 * of the surrounding tissue [24] . Therefore, the potential visibility of gold fiducials and the artifact size are correlated. As a result, better gold fiducial visibility because of increased TE also results in larger artifacts caused by air. There are some limitations to this study. Only 39 fiducials were available for the visibility analysis because some fiducials were lost between insertion and the first MRI and five fiducials were inadvertently inserted in the prostate. Because of the low number of available fiducials per fiducial type, no statistical tests were performed to test for differences in consistent identifications between fiducial types.
The observers were blinded for fiducial type. As the artifact size differs substantially between fiducial types, results might have been better if observers had known what artifact size to look for [24] . Since we defined a fiducial consistently identified if at least three out of four observers identified that fiducial position on the same position on MRI, inconsistently identified fiducials may still be true fiducials, but only identified by one or two observers.
There is no gold standard for the location of the fiducials on MRI. The rigid registration with (CB)CT provides an estimation of the location and may be inaccurate when day-to-day differences in rectal position and shape occur. Non-rigid registration was attempted for both the planning CT and CBCT scans, but was not considered feasible because of limited soft-tissue contrast, particularly on CBCT (35 out of 39 reference scans). Additionally, differences in rectal filling and differences in the presence and volume of air in the rectum further hampered non-rigid registration. Clinical practice does not include instructions on a diet or voiding of the rectum before the radiotherapy fraction. In addition, voiding of the bladder and drinking instructions were not applied before the MRI exam. If the drinking protocol would be applied to MRI and instructions on a diet or voiding of the rectum would be used, the correspondence between patient anatomy on CBCT and MRI may improve.
In conclusion, the Visicoil 0.75 and Gold Anchor fiducials were the best visible fiducials on MRI as it were the most consistently identified fiducials. Anatomical 2D T2-TSE MRI sequences are not sufficient to identify fiducials. Therefore, a T1 3D GRE sequence is recommended. The use of a corresponding (CB)CT scan improves fiducial detection on MRI. However, even for the best two fiducial types in this study, fiducial identification on MRI is challenging as shown by limited reproducibility between MRI exams and inconsistencies between observers. It is therefore recommended to have at least two observers and to further optimize MRI sequences to enhance the visibility of the fiducials.
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